Sulfolobus acidocaldarius utilizes glucose and xylose as sole carbon sources, but its ability to metabolize these sugars simultaneously is not known. We report the absence of diauxie during growth of S. acidocaldarius on glucose and xylose as co-carbon sources. The presence of glucose did not repress xylose utilization. The organism utilized a mixture of 1 g/liter of each sugar simultaneously with a specific growth rate of 0.079 h ؊1 and showed no preference for the order in which it utilized each sugar. The organism grew faster on 2 g/liter xylose (0.074 h ؊1 ) as the sole carbon source than on an equal amount of glucose (0.022 h ؊1 ). When grown on a mixture of the two carbon sources, the growth rate of the organism increased from 0.052 h ؊1 to 0.085 h ؊1 as the ratio of xylose to glucose increased from 0.25 to 4. S. acidocaldarius appeared to utilize a mixture of glucose and xylose at a rate roughly proportional to their concentrations in the medium, resulting in complete utilization of both sugars at about the same time. Gene expression in cells grown on xylose alone was very similar to that in cells grown on a mixture of xylose and glucose and substantially different from that in cells grown on glucose alone. The mechanism by which the organism utilized a mixture of sugars has yet to be elucidated.
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Sulfolobus acidocaldarius is a hyperthermophilic archaeon that grows optimally at 75°C and pH 2.0 to 3.0 (10, 20, 24) and has been shown to utilize a broad range of sugars (20, 24) . Numerous studies have shown that bacteria as well as eukaryotes sequentially utilize individual sugars when grown on a mixture of sugars. These organisms preferentially utilize the sugar that best supports their growth (mostly glucose) by repressing the utilization of other sugars in the growth medium until the preferential sugar is completely consumed. This phenomenon, termed "carbon catabolite repression" (CCR), or "diauxie," is characterized by a diphasic growth pattern when an organism is grown on a mixture of glucose and other sugars. Most studies of CCR have focused mainly on bacterial or eukaryotic systems. However, a few studies have reported that the presence of glucose in a growth medium represses the metabolism of other sugars in species closely related to Sulfolobus solfataricus via a mechanism that is similar to CCR (22, 23, 25, 34) .
S. acidocaldarius metabolizes the smallest number of sugars of all known Sulfolobus species, but the sugars metabolized by the organism include glucose and xylose, the key constituents of ligno-cellulose (cellulosic) biomass (20, 24, 37) . The lack of diauxie on 5-and 6-carbon sugars and the ability to grow at high temperature and low pH are excellent characteristics for a host that produces biofuel from cellulosic biomass deconstructed by acidic and/or high-temperature pretreatment methods. The production of biofuels from cellulosic biomass as an alternative to fossil fuels has received increased attention in the past few years. However, the development of microbial system(s) that can efficiently and simultaneously convert glucose and xylose into biofuel has been challenging. It is not known if S. acidocaldarius can utilize glucose and xylose (or other sugars) simultaneously. The ability of the organism to simultaneously utilize glucose and xylose would reduce the cost of biofuel production by eliminating the need for separating the 5-and 6-carbon sugars during pretreatment and thus shortening the time required for fermentation of both sugars. Saccharomyces cerevisiae and Escherichia coli, two model systems for metabolic engineering, vary in their abilities to utilize glucose and xylose. S. cerevisiae lacks a native mechanism for utilizing xylose (26) , while E. coli utilizes both glucose and xylose but not simultaneously due to CCR (36) .
Central to CCR in bacteria is the multicomponent phosphotransferase system (PTS) that mediates global or operon-specific regulation of the process (14, 19) . Unlike in bacteria, PTS systems are apparently absent in most if not all archaea, and sugar transport is primarily mediated by ATP-binding cassette (ABC) transporters (5, 28, 32, 42) . However, reports of the existence of a CCR-like system in S. solfataricus (22, 23, 25, 34) might indicate that the organism would be able to sequentially metabolize a mixture of sugars in their order of preference. The absence of PTS systems in Sulfolobus species (10, 43) suggests that the mechanism of CCR in these organisms might be different from the one observed in bacteria. Our goal in this study was to determine if S. acidocaldarius can simultaneously utilize glucose, xylose, and other sugars that might be derived from cellulosic biomass in an effort to develop a system for cellulosic biofuel production. The genome of S. acidocaldarius is relatively stable because of the absence of active transposable elements that characterize other species of Sulfolobus (10, 43) , therefore making it a suitable system for engineering. In addition, a number of genetic tools are available for manipulating the genome of this organism (6, 30) . As such, S. acidocaldarius may find use in the production of advanced biofuels.
In this study, we report experiments describing growth of S. acidocaldarius on different combinations of glucose, xylose, arabinose, and galactose. We also conducted microarray studies to determine gene expression patterns during growth on glucose and xylose as sole and co-carbon sources. We present evidence that S. acidocaldarius utilizes various mixtures of glucose, xylose, arabinose, or galactose simultaneously and synergistically as co-carbon sources and showed no preference for any of the sugars. Our results indicate the absence of diauxie during growth of this organism on multiple sugars and that the regulation of multiple-sugar metabolism in the organism is different from bacterial CCR. To our knowledge, this is the first report of such behavior in a Sulfolobus species or any archaea. We also identified a cluster of ABC transport genes that are likely involved in glucose transport. 4 and filter sterilized with 0.2-m-pore-size membrane filters. Sugar utilization assays were carried out in minimal medium (NYT) that was composed of ATCC #1723 medium without yeast extract and tryptone. The sugars used in these studies were aseptically added to the desired final concentrations as sterile 5 to 40% stock solutions. Growth was monitored by measuring optical density at 600 nm (OD 600 ) with a Beckman-Coulter DU-800 UV/visible spectrophotometer. Sugars and other chemicals used in this study were obtained from Sigma and Fisher Scientific.
MATERIALS AND METHODS

Strains
S. acidocaldarius adaptation to growth on sugars as sole carbon sources. S. acidocaldarius 639 was adapted to growth on each sugar as the sole source of carbon and energy by repeated subculturing in YT medium supplemented with 2 g/liter of each sugar. The cells were then transferred to minimal medium (NYT) supplemented with 2 g/liter of each sugar once the OD 600 value in the YT medium containing 2 g/liter of the sugar exceeded 1.0. The maximum attainable OD 600 on YT medium alone was about 0.6 to 0.8. The adapted cells were subsequently used to study sugar utilization in minimal medium.
Coutilization of glucose and xylose by S. acidocaldarius. The organism was grown to the late-exponential or stationary growth phase in minimal medium supplemented with 2 g/liter each of glucose and xylose. The cells were harvested by centrifugation at 6,000 ϫ g for 5 min and washed twice with 50 ml NYT medium. The cell pellets were resuspended in the same medium, and the OD 600 was measured to determine the volume of cell suspension required to obtain an initial OD 600 of 0.04 to 0.07 in the final medium. The suspended cells were inoculated in triplicate into 50 ml NYT medium in 250-ml screw-cap flasks that were supplemented with various ratios of glucose and xylose. In one set of experiments, the concentration of xylose was kept constant at 1 g/liter, while the glucose concentration was varied by 1, 2, and 4 g/liter. In the second set, the glucose concentration was kept constant at 1 g/liter, while the xylose concentration was varied by 2 and 4 g/liter. Two sets of experiments in triplicate containing 2 g/liter of each sugar as the sole carbon source served as controls. At various intervals, 1.0-ml samples were withdrawn to measure growth (OD 600 ). Second 1.0-ml samples were withdrawn and pelleted by centrifugation at 17,900 ϫ g for 1 min, and the supernatants were filtered through 0.2-m syringe filters and analyzed for residual sugars with an Agilent 1100 series binary liquid chromatography (LC) system equipped with an Agilent 1200 series refractive index detector. The samples were eluted isocratically with a Bio-Rad Aminex HPX-87H column, 300 by 7.8 mm (with Micro-Guard cation H refill cartridges, 30 by 4.6 mm) with a mobile phase consisting of 4 mM H 2 SO 4 in high-performance liquid chromatography (HPLC)-grade-purity water (Honeywell Burdick & Jackson, Morristown, NJ). The flow rate and temperature were maintained at 0.6 ml/min and 50°C, respectively.
Analysis of gene expression in S. acidocaldarius grown on glucose and xylose as co-carbon sources. S. acidocaldarius was inoculated in triplicate into 70 ml NYT medium supplemented with 4 g/liter xylose, 4 g/liter glucose, or a mixture of 2 g/liter xylose and 2 g/liter glucose, respectively. Prior to inoculation, the cells were preadapted to each experimental condition by being subcultured on the same sugar(s) at least three times. The total RNA was extracted from 50 ml of each culture at mid-exponential phase (OD 600 of 0.2 to 0.4) with an RNeasy minikit (Qiagen). The cells were pelleted at 8,000 ϫ g for 5 min at 4°C and then resuspended in 0.5 ml of NYT medium. RNAlater (Qiagen) (1.0 ml) was added to the cell suspension to stabilize the RNA transcripts. The cell suspension was mixed briefly for 5 s and incubated at room temperature for 5 min. Each stabilized cell suspension was pelleted in 2-ml tubes at 5,000 ϫ g for 5 min at room temperature and then resuspended in 200 l of Tris-EDTA (TE) buffer containing 15 mg/ml lysozyme and 20 l of a 20-mg/ml solution of proteinase K (Qiagen). The total RNA was then extracted as described by the manufacturer. Genomic DNA was removed from each sample by using an on-column DNase I protocol (Qiagen) as described by the manufacturer.
cDNA synthesis and microarray analysis. The first strand of cDNA was synthesized from each extracted total RNA sample with the SuperScript Plus indirect cDNA labeling kit (Invitrogen). Approximately 0.5 g of random hexamer primers was added to 17 to 22 g of total RNA, and the annealing reaction volume was adjusted to 18 l with sterile RNase-free water. The mixture was incubated at 70°C for 5 min and then cooled on ice for at least 1 min. The following reagents were added to the annealing reaction mixture to a final volume of 30 l: 5ϫ first-strand buffer; 0.15 M dithiothreitol (DTT); deoxynucleoside triphosphate (dNTP) mix, including aminoallyl and aminohexylmodified nucleotides; 40 U RNaseOUT; and 800 U SuperScript III reverse transcriptase (RT). The reaction mixtures were incubated at 46°C for 3 h, and the synthesized first-strand cDNA was hydrolyzed and purified as described by the manufacturer. The purified cDNA was dried in a SpeedVac to 5 l and labeled with Alexa Fluor 555 dye (Invitrogen) in 10-l reactions for 2 h. The labeled cDNA was purified on QiaQuick PCR cleanup columns, eluted two times into 30 l diethyl pyrocarbonate (DEPC)-water, and dried in a SpeedVac. The samples were processed according to Nimblegen protocols and hybridized on four-plex arrays at 42°C for 17 h.
Microarray data analysis. Arrays were scanned with a GenePix 4200A scanner (Molecular Devices) and processed with NimbleScan software. NimbleScan was used to create pair reports and normalize the data by using quantile normalization and robust multiarray analysis (RMA) (8) . Normalized data were analyzed and clustered using Genesis (45) . Comparative genomic and protein sequence analyses were carried out using www.microbesonline.org and http://www.ncbi .nlm.nih.gov. Protein sequences were aligned using ClustalW2 (http://www.ebi .ac.uk/Tools/clustalw2/index.html), and the alignments were visualized using Jalview (11, 48) .
Microarray data accession number. Data from this study are stored at the Gene Expression Omnibus (GEO) under accession no. GSE16973 and at microbesonline.org (http://microbesonline.org/cgi-bin/microarray/viewExp.cgi?expIdϭ1723).
RESULTS
Growth of S. acidocaldarius on sugars as exclusive carbon sources. We analyzed the ability of S. acidocaldarius to utilize glucose, xylose, and arabinose as sole carbon sources. The organism grew faster on xylose and arabinose as sole carbon sources, with growth rates of 0.070 and 0.082 h Ϫ1 , respectively, compared to 0.041 h Ϫ1 on glucose (Table 1) , in agreement with previous reports (24) . Initial adaptation of the original strain of S. acidocaldarius (from DSMZ) to glucose did not result in any significant growth on xylose or arabinose as sole carbon sources (see Fig. S1 in the supplemental material). The glucose-adapted strain was able to grow immediately on sucrose and galactose as sole carbon sources (Fig. S1 ), even though studies have previously shown that the organism does not metabolize galactose (20, 24) . Growth of the organism on xylose or arabinose as the sole carbon source was established by repeatedly subculturing the organism in complex medium supplemented with either xylose or arabinose. Similar behavior was also observed with S. solfataricus, suggesting that this adaptative behavior might be common among Sulfolobus species. Efforts to adapt the organism to cellobiose and lactose were not successful, in agreement with previous reports (10, 20, 24) .
No diauxie during growth on a mixture of glucose and xylose. To determine the existence of glucose-induced CCR in S. acidocaldarius that is similar to a previous report of its existence in S. solfataricus (7, 23, 34) , we conducted classical diauxie growth experiments (36) . Our results revealed the absence of diauxie during growth of S. acidocaldarius on different combinations of glucose and xylose (Fig. 1) . The organism utilized both sugars simultaneously without an apparent diphasic growth pattern (Fig. 1) . The initial ratios of the sugars in the growth media were maintained during growth of the organism on both sugars (see Fig. S2 in the supplemental material), in b For "multiple sugars," the inoculum was preadapted to glucose plus xylose as co-carbon sources. For "single sugar," the inoculum was preadapted to each sugar as the sole carbon source.
c Specific substrate consumption rate (q s ) ϭ 1/X ⅐ ⌬S/⌬t, where S is substrate, X is growth, and t is time. (Fig. 1) . The growth rate of the organism on a mixture of equal amounts of glucose and xylose (1 g/liter each) was nearly 4-fold faster than that on 2 g/liter glucose alone and slightly slower than that on 2 g/liter xylose alone (Fig. 1) . Increases in the ratio of xylose to glucose from 0.25 to 4.0 increased the growth rate of the organism from 0.052 to 0.085 h Ϫ1 (Fig. 2) . The growth rate of the organism on a mixture of 4 g/liter glucose and 1 g/liter xylose (0.052 h Ϫ1 ) was more than 2-fold greater than that on 2 g/liter glucose alone (0.022 h Ϫ1 ). We also observed that the organism stopped utilizing a mixture of 4 g/liter glucose and 1 g/liter xylose after a period of time (Fig.  1C) , even though it simultaneously metabolized both sugars at a ratio roughly proportional to their starting concentrations. The cause of this growth cessation is not clear at the moment, but this growth behavior was always observed when the glucose/xylose ratio was greater than 2. This cessation in growth was not observed when the organism was grown on 4 g/liter glucose alone (see Fig. S3 in the supplemental material), indicating that the high concentration of glucose was not the cause. In addition, changes in the ratio of glucose and xylose did not significantly impact the yield coefficient and the specific consumption rates of the sugars (Fig. 2) . The synergism observed during growth on a mixture of glucose and xylose contrasts the growth pattern expected if diauxie occurred (33, 35) , thus indicating that neither of these sugars inhibits utilization of the other.
S. acidocaldarius also metabolizes glucose, galactose, and arabinose simultaneously. We evaluated the ability of S. acidocaldarius to simultaneously and synergistically utilize other sugars (pentoses and hexoses) in the presence of glucose to determine whether the growth effect that we observed was specific to glucose and xylose alone. The starter culture was grown in minimal medium supplemented with a mixture of D-glucose, L-arabinose, and D-galactose prior to inoculation. The preadapted cells were subsequently grown in minimal medium supplemented with a total of 3.0 g/liter of sugars: 3.0 g/liter of each sugar as sole carbon sources, 1.5 g/liter of each sugar in binary combinations, and 1.0 g/liter of each sugar in trinary combinations. In all cases, the organism utilized the sugars (including galactose) simultaneously (Fig. 3) . Irrespective of their combinations, the organism completely utilized different mixtures of the sugars at about the same time, thus confirming the absence of glucose-induced diauxie. The addition of equal amounts of arabinose to a growth medium containing glucose or galactose reduced the time taken by the   FIG. 2 . Kinetics of simultaneous utilization of glucose and xylose by S. acidocaldarius. The specific growth rate (circles), specific consumption rate (squares), and yield coefficient (triangles) were determined from cells grown on various ratios of glucose and xylose. organism to consume the total sugars by more than 50% ( Fig.  3C and D) . The organism failed to completely utilize arabinose as the sole carbon source in this experiment (Fig. 3A) , possibly due to repeated subculturing of the cells on glucose and galactose to improve the utilization of these sugars. We observed throughout our studies that repeated growth of S. acidocaldarius on one sugar for an extended period of time gradually decreased its ability to utilize other sugars. The decreased ability of the organism to utilize any of these other sugars was temporary and was easily restored by simply readapting it to the same sugar in a complex medium. Despite the observed weakness in arabinose metabolism, the organism was able to efficiently utilize arabinose in the presence of glucose and/or galactose ( Fig. 3C to E) , further highlighting the absence of diauxie and synergistic metabolism of these sugars.
Gene expression during growth on various carbon sources. To understand the regulation of simultaneous sugar catabolism in S. acidocaldarius, we analyzed gene expression at the midexponential growth phase in cells that were grown on glucose and xylose as either sole or co-carbon sources. The results showed that expression of approximately 843 genes (38%) did not change significantly (Յ1.5-fold; P Ͼ 0.05) under any of the growth conditions studied. However, about 465 genes (21%) were differentially expressed by 2-fold or more (P Յ 0.05) under at least one of the growth conditions (Fig. 4) , of which a total of 383 genes changed by 2-fold or more (P Յ 0.05) between cells that were grown on glucose and xylose as sole carbon sources (Fig. 4) . Surprisingly, the gene expression pattern in cells that were grown on both sugars was closer to that of xylose-grown cells than to that of cells grown on glucose. Only 63 genes changed by 2-fold or more (P Յ 0.05) between cells grown on both sugars and those grown on xylose alone, compared to a total of 312 genes differentially expressed between cells grown only on glucose and those grown on both sugars (Fig. 4) .
We expected that genes involved in simultaneous metabolism of glucose and xylose would be differentially expressed in cells grown on both sugars, but remain relatively unchanged in cells grown on either sugar as the sole carbon source. However, we were surprised to see that of the genes whose expression was relatively unchanged in cells grown on either sugar alone, only 10 changed significantly by a log 2 ratio of 1.0 and above (P Յ 0.05) when the cells were grown on both sugars as cocarbon sources ( Table 2 ). Most of these differentially expressed genes encoded hypothetical genes that were mainly conserved in Sulfolobus species or archaea. Only 1 of the 10 genes, Saci_0385, was downregulated in cells that were grown on both sugars; the others were upregulated. Saci_0385 codes for 3-hydroxy-isobutyrate (HIB) dehydrogenase, which is involved in valine degradation (38, 41) . The annotated, upregulated genes include Saci_1497, encoding endonuclease III, which is involved in DNA repair (15) , and Saci_1494, encoding a type II/IV secretion system protein suspected to be involved in archaeal flagellar synthesis (Table 2 ). These differentially expressed genes provided little information about the likely mechanism or regulation of simultaneous metabolism of glucose and xylose.
Furthermore, about 85% of the genes in S. acidocaldarius (1,891 genes) did not change significantly (Յ1.5-fold; P Ͼ 0.05) between xylose-grown cells and those grown on both sugars, whereas 51% of the genes (1,132 genes) remained unchanged between glucose-grown cells and those grown on both sugars (Fig. 5) , suggesting similarity in the physiology of xylose- grown   FIG. 4. A comparison of the number of differentially expressed genes during growth of S. acidocaldarius on glucose (G), xylose (X), and a mixture of glucose and xylose (XG). Double-headed arrows compare results from two growth conditions, highlighting the total number of genes changing by Ն2-fold (P Յ 0.05). The number at the bottom shows the total number of differentially expressed genes (Ն2-fold; P Յ 0.05). The G/X ratio must have a log 2 ratio below ͉0.5͉ (P Ն Ϸ0.05) to be considered unchanged. c Filtered genes with a log 2 ratio of ͉1.0͉ and above (P Յ 0.05) in G/XG and X/XG ratios that remained unchanged in the G/X ratio.
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cells and those grown on a mixture of glucose and xylose. This physiological similarity is further highlighted by the similar growth patterns observed when cells that were preadapted to either xylose or a mixture of glucose and xylose were grown on each sugar as the sole carbon source (Fig. S5 in the supplemental material). This observation suggests that xylose influences simultaneous metabolism of both sugars more than glucose, but the mechanism and the extent of this influence remain to be elucidated. Most housekeeping genes-especially the chaperonins and those involved in the tricarboxylic acid (TCA) cycle, replication, and translationremained fairly unchanged under any of the conditions analyzed (see Table S1 in the supplemental material). Saci_2032 and -2033, which encode glycerol-3-phosphate dehydrogenase and glycerol kinase, respectively, were always upregulated in the presence of glucose, whereas their paralogs (Saci_1117 and -1118) did not respond to the presence of glucose in the growth medium and were induced by xylose (Table 3) . These genes are involved in the metabolism of glycerol and glyceraldehyde via the glycerol-3-phosphate pathway (21) . Identification of a putative glucose ABC-transport system. Transporters for glucose and xylose have been identified in S. solfataricus (2, 16, 43) , but there has been no report of transporters for these sugars in S. acidocaldarius (10) . We compared gene expression in cells grown on glucose against that in cells grown on xylose as sole carbon sources to elucidate the sugar transporters. This comparison suggests that Saci_1163 to -1166, previously annotated as a maltose transporter (10), may be the ABC transporter for glucose. This cluster of genes was always upregulated by the presence of glucose in the growth medium (Fig. 6A ) and shares about 14 to 38% homology with the amino acid sequence of Sso2847 to -2850 (GlcSTUV), the glucose ABC transporter in S. solfataricus (see Fig. S6 in the supplemental material). Sso2847 to -2850 and Saci_1163 to -1166 differ mostly in the order and direction of some of the genes (Fig. 6B) . We propose that Saci_1163 and -1164 code for the putative transmembrane permeases (GlcTU, respectively), We also propose that Saci_1165 codes for the sugar-binding protein (GlcS) and Saci_1166 codes for the ATPase component (GlcV). The permeases (GlcTU) were expressed at a lower level in cells grown on glucose and xylose as co-carbon sources compared to cells grown on glucose alone, while the expression levels of the genes encoding the FIG. 5. Scatterplots of total gene expression (log 2 intensity) between cells grown on glucose (G) versus xylose (X) (A), glucose versus xylose plus glucose (XG) (B), and xylose versus XG (C). Total RNA used for gene expression profile was extracted at an OD 600 of 0.2 to 0.4. ATPase and sugar-binding protein (GlcSV) under both growth conditions were only slightly altered (Fig. 6A ). It was difficult to identify a putative xylose transporter, but our results suggest that Saci_0880 to -0883 might be the putative xylose transporter. The ABC transport gene cluster appeared to be upregulated in response to xylose (Table 4) . Saci_0883 was previously annotated as a permease component of an ammonia ABC transporter (10) . Other genes such as Saci_0946 and -1707, which encode different components of an ABC transporter, were also upregulated by approximately 2-fold in response to xylose (Table 4) . Some putative permeases, such as Saci_1731, belonging to the major facilitator superfamily (MFS) were also upregulated during the growth on xylose (Table 4) . Upregulation of components of ABC and MFS transport systems could be an indication that either or both systems are involved in xylose transport in S. acidocaldarius.
DISCUSSION
In this study, we report the absence of glucose-induced diauxie (17, 33, 36) in S. acidocaldarius. The organism utilized different combinations of glucose, xylose, arabinose, and galactose simultaneously, while maintaining the initial ratios of the sugars in the growth media. Simultaneous metabolism of these sugars indicates that this organism lacks a glucose-induced CCR-like system that was previously reported in S. solfataricus (7, 23, 34) . The organism grew faster on xylose as the sole carbon source than on glucose alone, but glucose utilization was improved by the presence of xylose or arabinose in the growth medium (Table 1) . Contrary to the report of glucose-induced inhibition of arabinose uptake in S. solfataricus (34) , uptake and metabolism of arabinose by S. acidocaldarius were actually improved by the presence of glucose in the growth medium (Fig. 3) . Bacterial catabolite repression is usually induced by the sugar that best supports the growth of an organism as the sole carbon source; this sugar normally represses utilization of the other sugars (35) . In S. acidocaldarius, more rapidly metabolized xylose or arabinose did not inhibit glucose metabolism; different combinations of these sugars were utilized simultaneously, suggesting that the organism does not prefer any of these sugars over the others. The absence of a bacterial CCR mechanism in this archaeon might be primarily due to the absence of a PTS system (5, 42) . Sugar transport in archaea is generally mediated by ABC transport systems (28, 32) . The transporters of glucose, xylose, and arabinose have been identified in S. solfataricus (2, 3, 16) , but have not been characterized in S. acidocaldarius (10) .
To our knowledge, this is the first report of simultaneous sugar metabolism in any Sulfolobus species. Similar metabolisms have also been reported in Corynebacterium glutamicum (18, 50) and Caldicellulosiruptor saccharolyticus (47) . C. glutamicum utilized glucose and carbon sources such as gluconate (18, 31) or acetate (50) simultaneously without an apparent diauxie; in other instances, glucose inhibited the metabolism of carbon sources like ethanol (4) and glutamate (29) , suggesting the existence of more than one regulatory mechanism. Similarly, the anaerobic hyperthermophilic bacterium C. saccharolyticus utilized multiple sugars independent of each other and in particular different combinations of hexose and pentose sugars, with no evidence of catabolite repression (27, 46, 47) . While the simultaneous utilization of multiple sugars is ideal for biofuel production from cellulosic biomass, the very long doubling time of this organism would seem to be an impediment to its industrial application. The relatively shorter doubling time of S. acidocaldarius and its ability to grow on multiple sugars simultaneously make this organism a good candidate for biofuel production.
We evaluated gene expression during growth of S. acidocaldarius on glucose and xylose to elucidate the mechanism and possible regulation of simultaneous sugar metabolism in the organism. Only a few genes were specifically expressed in response to growth of the organism on glucose and xylose as co-carbon sources at the mid-exponential growth phase (Table  2) . Of these few differentially expressed genes, only Saci_0385 was downregulated. The others that were upregulated mostly encoded hypothetical proteins, many of which are conserved only in Sulfolobus species or archaea. Some of the few annotated genes coded for proteins like endonuclease III (Saci_1497), which is involved in DNA repair (15) , and type II/IV secretion system protein (Saci_1494), which is likely involved in flagellar biosynthesis. The relevance of these proteins to simultaneous catabolism remains unknown, and the absence of well-annotated orthologs of the differentially expressed genes made it difficult to assign a function to them.
The microarray data revealed similarity in gene expression between cells that were grown on xylose alone and those grown on a mixture of glucose and xylose, suggesting physiological similarity under these growth conditions. This similarity was further confirmed by similar growth patterns observed when cells that were preadapted to either xylose alone or a mixture of glucose and xylose were grown on each sugar as the sole carbon source (Fig. 5B) . This observed physiological similarity indicates that xylose strongly influences simultaneous metabolism of a mixture of glucose and xylose. The pathway for xylose metabolism in Sulfolobus species was only recently uncovered by the work of Nunn et al. (40) , in which they revealed that Sulfolobus species metabolize pentoses by splitting them into glycolaldehyde and pyruvate via the Dahms pathway (1, 12, 13, 44) , in addition to the Weimberg pathway (49) that was previously described by Brouns et al. (9) . Simultaneous operation of these two pentose pathways, however, does not explain the observed rapid growth of S. acidocaldarius on the pentoses. We also observed the upregulation of genes that coded for some components of the glycerol-3-phosphate shuttle pathway (21) in response to glucose. The expression of these glycerol-3-phosphate shuttle pathway genes was likely induced by the glyceraldehyde (or glyceraldehyde-3-phosphate) produced during glycolysis. This pathway might be actively involved in glucose metabolism alongside the reported non-and semiphosphorylated Entner-Doudoroff pathway (1, 13, 44) or in generating glycerol for the synthesis of the organism's tetraether cell membrane (39) ; the extent of this involvement is not clear.
Although it has long been established that S. acidocaldarius metabolizes both glucose and xylose (20) , very little is known about how these sugars are transported into the cell (10) . The ABC transporters for most sugars have been identified and characterized in S. solfataricus (2, 3, 16) . We were able to identify Saci_1163 to -1166 as a putative glucose ABC transport cluster because these genes were always upregulated in the presence of glucose (Fig. 6 ). Saci_1163 to -1166 were previously annotated as components of a maltose ABC transporter (10) . We suggest that Saci_0880 to -0883, a complete cluster of an ABC transport system that was previously annotated as a putative ammonia ABC transporter, might be involved in xylose transport. Other genes coding for individual components of ABC transporter systems and permeases belonging to the major facilitator superfamily were also upregulated in response to xylose, suggesting possible involvement of either or both of the ABC and MFS transporters (Table 4) .
We have demonstrated in this study that S. acidocaldarius metabolizes multiple sugars simultaneously without apparent diauxie, thus suggesting the absence of glucose-induced CCR as previously reported. Although, the ecological and evolutionary significance of this mechanism is not very clear at the moment, we believe that this mechanism evolved as an adaptive mechanism for survival in a nutrient-poor environment. The ability of S. acidocaldarius to simultaneously utilize fiveand six-carbon sugars has important implications for cellulosic biofuel production by eliminating the need for engineering special pathways or regulation for simultaneous metabolism of both sugars. S. acidocaldarius has long been believed to have the least metabolic capabilities of all Sulfolobus species, but our observation that this species does metabolize galactose strongly suggests that we still do not know much about this organism. Further studies need to be carried out to determine the mechanism and regulation of simultaneous metabolism of multiple sugars in S. acidocaldarius as well as the cause of growth cessation at high glucose concentration relative to xylose.
